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Bimodal size distribution of self-assembled InGa; _,As quantum dots
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We investigate quantization of energy levels in self-assemblgelan ,As quantum dots that are embedded
in a GaAs matrix. We use capacitance and photoluminescence spectroscopies to analyze the evolution of the
energy levels with varying amounts of depositeddg, _,As. These techniques suggest that the size distribu-
tion of the quantum dots contains two well-separated peaks. Transmission electron microscopy confirms a
bimodal size distribution and further shows that the big and the small quantum dots have different shapes. In
addition, we use an effective-mass based method to calculate the lowest energy states of quantum dots with the
physical dimensions obtained by transmission electron and atomic force microscopies. Our results allow us to
construct the energy-level diagrams of the two kinds of quantum dots.
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The strong quantization of the energy levels of self-Nine cycles of the following deposition were used to form
assembled semiconductor quantum d@®s), a manifesta- the QDs: 0.25 monolayers of In, 5 s of AD.31 monolayers
tion of their nanoscale size, can be utilized for optoelectroniof Ga, and 5 s of As. The total amount of deposited
applications such as QD laséfs and charge-storage Ing 4/Ga s¢As was 5.0 monolayers. The sample for AFM and
devices®* From a fundamental point of view, charge carriers TEM was grown in a similar fashion, except that the growth
populating semiconductor QDs can be considered as modehded immediately after the QDs were deposited.
systems for quantum-mechanical interactions between con- In order to analyze the evolution of QD size and shape
fined electrons and hol@$.The self-assembly process poseswith increasing InGa, _,As coverage, the wafer was not ro-
interesting questions regarding the growth dynamics of théated during growth. Because of the position of the In cell
QDs and the resulting distribution of sizes and shdp¥s. with respect to the wafer, this resulted in a gradient of de-
For example, it has been found that certain growth condiposited InGa, _,As such that the change in ,Ga _,As
tions result in a bimodal or even multimodfal’ QD size  coverage across the part of the wafer for which we show
distribution. In previous work, bimodal QD systems haveresults is 0.3 monolayef@ssuming a point In source and a
been investigated with atomic force microscayfM)**~1®  1/R? decrease of the In flyx
and photoluminescend®L) spectroscopy’1%2° To process our sample for capacitance spectroscopy, we

In this report, we combine PL and capacitance specwet-etched 100 nm deep, so that only 35 periods of superlat-
troscopies at liquid He temperature, atomic force microscopyice remained, and sputtered 100 nm $Si& an insulating
(AFM) and transmission electron microscopyEM), and layer. This increased the yield of the samples by preventing a
effective-mass based calculations to obtain a complete pidew turn-on voltage of the structure, which was probably
ture of the evolution of the energy levels in the QDs with caused by Au from the top contact diffusing into the sample.
varying InGa, _,As coverage. The PL and capacitance mea‘\We have confirmed that our results were not affected by this
surements show that two distinct sets of QDs with well-procedure, using samples from the same wafer but without
separated energy levels coexist in the sample. The TEM anetching and Si@, for comparison.

AFM not only measure the average sizes of the two kinds of The narrow size distribution of self-assembled QDs
QDs, but also show that the shapes of the big and small QDmakes it possible to investigate their properties on an en-
are different. Combining these measurements with our calcusemble of millions of QDs. The signal will be broadened by
lations, we construct a consistent picture for the energy-levehe distribution of sizes, but it will also be amplified by the
diagrams of both kinds of QDs and also speculate aboutarge number of QDs. The result is that features originating
the growth dynamics that give rise to the bimodal sizefrom individual energy levels of the QDs are readily observ-
distribution. able using techniques such as PL and capacitance spec-

The samples for capacitance and PL spectroscopies wetmscopies. For capacitance spectroscopy, the QDs were
grown by molecular beam epitaxy on a semi-insulatib@0 sandwiched between an insulating blocking layer and a tun-
GaAs substrate. The epilayers consisted of a buried contaoel barrier consisting of undoped GaAg§ig. 1, insel
layer of 200 nm GaAgn type, 410 cm™3), a 45 nm  Ohmic contact to the n-doped layer underneath the tunnel
undoped GaAs tunnel barrier, the, g, _,As QDs, 30 nm barrier was achieved by annealing AuGe. We placed a pad of
of undoped GaAs, 59 periods of(& nm AlAs/1 nm GaAs  Au with an area of 1 mfabove the blocking layer. The
blocking barrier, and 5 nm of GaAs. The QDs were depositeagnergetic position of the energy levels in the QDs with re-
at a substrate temperature of 530 °C. In and Ga were depospect to the conduction-band edge in the n-doped layer can
ited with no As in order to enhance the surface migrationbe varied by applying a dc voltage across the QDs. Using the
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FIG. 2. Photoluminescence spectra at the same seven positions
V (V) on the wafer as for the data in Fig. 1. Dotted line: Gaussian fit to the
FIG. 1. Capacitance spectra measured at seven different posfl)ﬁOlgazracAz which corresponds to the highest amount of deposited
tions on the wafer, i.e., at different amounts of deposited *~ 7 "
In,Ga - xAs. The positions are spaced evenly by 1.5 mm. The volt-Fig. 1 cannot be explained by a gradient either in the size or
age is converted to an energy scale by using a lever arm of 7. Insegiensity of the QDs. If the seven traces were taken at posi-
Conduction-band diagram of the structure. tions that differ in QD density, all of the features would
lever-arm argumerdi.e., regarding the structure as a voltagebecome less pronounced as the QD density decreases. If the
= . A QDs were to grow bigger as more, &g, ,As is deposited,
dividen with a lever pf 7.0 for th? sample_ p(esented here, W&ye would observe a redshift of the features, since the energy
can convert an applied voltage into a shift in enébWhen levels in big QDs are lowe? Surprisingly, we found that the
an energy level in the QDs lines up with the conduction-bangapacitance peak at 115 meV depended very little on the
edge in the n-doped layer, electrons can tunnel on and off thgmount of deposited ®a,_,As whereas the peaks at 5
QDs, which causes an increase in the capacitance of th@ev and 30 meV disappeared as lesg3a_,As was de-
structure. We monitored the capacitance at a temperature ofgbsited.
K using a lock-in amplifier with an ac excitation of 10 mV ~ |n Fig. 2, PL spectroscopy also showed that the first two
and a frequency of typically 100 Hz. The capacitance is propeaks, here located at 1.11 eV and 1.16 eV, disappeared as
portional to the density of states in the QBsand a trace of less InGa,_,As is deposited. The third peak, at 1.24 eV,
capacitance vs voltage allows us to obtain the energetic difgrew as the lower two peaks disappeared, because the elec-
ference between electron states in the QD. trons and holes that were photoexcited by thé Aaser can
PL spectroscopy serves as a complementary tool, since itow exclusively populate the states that cause the third peak.
detects the energetic difference between electron and hol&e note that for the same reason, i.e., states competing for
states with the same quantum number. PL measuremengxcited electron-hole pairs, the,Ba, _,As wetting layer
were made @84 K by focusing the 514.5 nm line of an Ar  peak(measured at about 1.34 eV on similar sampless
laser onto the sample. The spot size on the sample was apbsent in this plot.
proximately (100 um)?. The photoexcited electrons and  The combined PL and capacitance data suggest that for
holes diffuse into the QDs, relax to the lowest availablelarge amounts of deposited,fBa _,As, two sets of QDs
states, and recombine. The emitted light was focused on theoexist on the sample. Accordingly, two sets of signals were
input slit of a 0.85 m monochromator and detected as a funmbserved. As less |Ga _,As is deposited, one set of QDs
tion of wavelength with a liquid-nitrogen-cooled disappears.
In,Ga, _,As detector and a lock-in amplifier. The position of the energy levels in the QDs is not only
The capacitance spectroscopy data in Fig. 1 show threifluenced by their siz& but also by strairf® In content?*?
peaks at energies 5, 30, and 115 meV, corresponding to thread shapé®“’ In general, these parameters are codependent;
energy levels in the QDgWe have confirmed on several for example, larger coherent QDs exhibit more strain. The
samples that the peaks at 5 and 30 meV are indeed twsize and to some extent the shape of the QDs can be obtained
separate peaksThe peaks are located on top of a monotoni-by TEM and AFM imaging. The upper panel of Fig. 3, a
cally increasing background capacitance. The data wersuppressed diffraction bright field im&§eaken as close as
taken at seven different positions on the wafer that wergossible to zero defocus to minimize the effects of strain on
separated by 1.5 mm. We might expect that the gradient ithe image, shows the mass and thickness contrast of
the InGa _,As coverage results in a gradient in the meanin,Ga,_,As QDs on a GaAs surface. These QDs were grown
size or the density of the QDs across the seven positions aimder the same conditions as the QDs for the PL and capaci-
the wafer. However, the capacitance spectroscopy data itance spectroscopies, except that, to facilitate the TEM im-
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FIG. 3. Upper panel: Suppressed diffraction bright-field TEM
image (taken at 150 kY, showing the mass and thickness contrast
of In,Ga, _,As QDs on a GaAs surface. The image was obtained at
a position on the wafer that corresponds to the largest amount of
deposited InGa, _,As in Figs. 1 and 2.

aging, they were not covered. The sample location depicted F'C: - Energy-level diagram of the big and small QDs, con-
tructed from the PL and capacitance spectra of Figs. 1 and 2. See

in Fig. 3 corresponds to the PL and capacitance specs—
troscopies position with the largest,Ba _,As coverage.
We therefore expect to see both sets of QDs. The histograms
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text for details.

in Fig. 4 show that the distributions of the QD areas and@nd 700 nri The height scale of the TEM data is not cali-
heights are indeed bimodal. To be sure that the bimodal dig?rated; from AFM measurements, we estimate that the dis-
tribution is not an artifact of the binning used for the histo-tribution of heights peaks at 6:51 nm and 12=1 nm.

grams, the inset shows a height vs area plot for all of the After having confirmed that a bimodal QD distribution is
QDs in the(940 nm)? area for which the histogram is shown. responsible for the two sets of observed signals, we now
As expected for a bimodal distribution, the data fall into two Proceed to construct the energy-level diagram for the two
sets. From the histogram, we found mean areas of 220 nnkinds of QDs(Fig. 5). The first two peaks of the capacitance
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data in Fig. 1 correspond to the ground state of the big QDs,
which appears split because of the Coulomb blockade. The
second electron that tunnels into the QD needs to overcome
the Coulomb-blockade energy of 25 meV. Because the QDs
stay neutral during the PL measurements, Coulomb blockade
was not observed in the PL dafiig. 2). The third peak in

the capacitance, at 115 meV, is probably caused by both
types of QDs. AFM images show that with increasing
In,Ga, _,As coverage, the number of small QDs decreases as
more big QDs assemble. If the peak at 115 meV was caused
only by small QDs, its amplitude would then depend on the
position of the sample. We can obtain a consistent picture by
assuming that at about 115 meV we observe not only the
energy level of the ground state of the small QDs, but also
the energy level of the first excited state of the big QDs. This
rather wide third peak in the capacitance likely corresponds
to the peaks at 1.16 eV and 1.24 eV in the PL data. Note that
even though the capacitance features of the ground state of
the small QDs and of the first excited state of the big QDs
are superimposed as one wide maximum, they are well-
separated in the PL data and in the energy-level diagram

FIG. 4. Histograms of the area and height distribution of the(Fig. 5. This is because the Coulomb-blockade splitting
QDs in Fig. 3. The lines are fits to a two-peak Gaussian. Insetshifted the tunneling energies for the capacitance spectros-

Height vs area for each of the QDs in tf810 nm? area for which

the histograms are shown.

copy progressively upwards, while the detected PL features
correspond to the “true” energiés.
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FIG. 6. Intensity cross sections of a small and a big QD from the
TEM image in Fig. 3.

There is another interesting point related to the fact that
the amplitude of the capacitance feature at 115 meV is al-
most independent of the J&a, ,As coverage. AFM images
find that the total number of QDs is almost independent of
position. The total number of states that are filled at around
115 meV should vary nevertheless, because the first excited ) )
state is four-fold occupied for oblate nearly circular QDs, FIG. 7. Cross-sectional TEM image taken along [the0] zone
whereas the ground state is only two-fold occupied. Thif @ small and a big QD.
might explain why the traces at 115 meV did not fall exactly
on top of each other. tions of the sides formindg111} facets while the tops are

To check whether the two QD sizes that are observed witllightly domed. The cross-sectional TEM images also sug-
TEM (Fig. 4) could indeed explain PL ground-state transmis-gest that the small QDs have the shape of pyramids with
sion energies that are separated by 0.13[g. 2), we cal-  less-steep side facets. In cross-sectional TEM it is difficult to
culated the transition energy between electron and holdistinguish between small QDs and large QDs that have been
ground states for QDs with heights of 6.5 nm and 12 nmsectioned off center. However, we observed many QDS with
(obtained from AFM, and areas of 220 rfrand 700 nri  the regular pyramid shape and statistically these could not all
(obtained from TEM. To represent the QDs in our calcula- be big QDs sectioned off center. The excellent correlation
tions, we used the effective-mass approximation and asetween the QD shapes observed by cross-sectional TEM
sumed that the small and big QDs are cylindrically symmet-and the plan-view TEM suppressed diffraction technique
ric cones. The effective-mass Sctiinger equation was suggests that the latter may be a reliable way to distinguish
solved using a mode-matching method to obtain the groundéetween different QD shapes. This is particularly so in the
states of electrons and holes in the QDs. From this, we obease of the small quantum dots since it avoids the possible
tained PL ground-state emission energies of 1.111 eV andonfusion of small QDs with big QDs sectioned off center in
1.254 eV for the large and small QDs, respectively. The enTEM cross-section studies.
ergies are in good agreement with 1.11 eV and 1.24 eV, the The shape differences we observed may influence the dis-
emission energies obtained from PL. tribution of In in the QDs since In segregates toward the top

Having established that a bimodal QD size distributionof the QDs to minimize straiff Since the truncated pyra-
can account for the observed PL and capacitance energiasids have a larger top area, it is conceivable that the big
we next discuss the shape of the QDs and its possible infllDs contain a higher concentration of In. This would lower
ence on their In concentration. From the area and heighthe energy levels of the big QDs and further enhance the
histograms(Fig. 4) together with AFM data, we found that energetic difference between big and small QDs.
the aspect ratio of the small QDs,/220 nm/6.5/7 nm An important open question is whether a bimodal QD size
=2.57, is similar to the aspect ratio of the large QDs,and shape distribution occurs in equilibrium, as proposed for
2,/700 nm/12/ nm=2.49. This does not necessarily imply the Ge/Si QD systeM or if the size and shape depend on
that the QDs have the same shapes. Figure 6 shows the ikinetic factors such as the surface diffusivity or the deposi-
tensity profiles of the plan-view TEM imageFig. tion rate®*3*Since our study did not explore growth dynam-
3). These profiles suggest that the small QDs have thés, we cannot directly address this question. It is neverthe-
shape of pyramids, whereas the big QDs—to minimize thdess interesting to speculate about the effects of strain on a
strain energy—appear to be truncated pyramids with relagrowing pyramid of InGa, _,As as a possible origin of the
tively flat tops. It should be noted, however, that the intensitybimodal size and shape distribution. We suggest that there is
profiles may not show the exact shape due to contributions ta maximum QD size that is consistent with a regular pyra-
the overall contrast that may arise from residual diffractionmidal shape” Pyramids with a larger base would experience
and defocus effects, and the possibility of a nonuniform QDtoo much strain and break up into incoherent QDs, which are
composition. Cross-sectional high-resolution TEM was pernot favored at an early growth stage because of the interfa-
formed along thd110] zone as a double check on the QD cial energy between grains. However,&# _,As may still
shape, and typical results are shown in Fig. 7. The resultadhere to the top of the pyramift’®***where the strain is
support the line profiles obtained from the plan-view TEM. partially relaxed and the lattice constant approaches that of
The big QDs are truncated pyramids, with the steepest sebulk In,Ga, _,As. These QDs may take on the shape of trun-
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cated pyramids. Based on these assumptions, a bimodal Q&hd AFM to be caused by a bimodal QD size distribution. In
distribution in size and shape forms when the amount ofddition, we find that the big and the small quantum dots
deposited IpGa _,As exceeds a critical thickness that have different shapes, which may further increase the differ-
depends on the dynamic conditions under which the QD#nce between their energy levels. We suggest that the bimo-
are grown. If the deposited In and Ga atoms are not givewjal size and shape distribution may originate from the effect
SuffiCient t|me to diﬁuse across the Wafer'S Surfa@ of strain on the growth of L[Gal,XAS pyramids on a GaAs
either increasing the deposition rate or decreasing the depgyrface. With the assumption that the ground-state capaci-
sition temperaturg their mean size will be smallér. “tance peaks of the small quantum dots overlap with the first
Maximum-sized regular pyramids, and therefore the condigycited-state capacitance peaks of the big quantum dots, we

tions for a bimodal size and shape distribution, will be can provide a consistent picture of the energy levels in both
reached at a larger amount of depositedGa _,As. This t)c/JDes of quantum dots.

may be the reason why some other studies have not reporte

a bimodal QD size distribution of iGa _,As or InAs We thank K. L. Silverman for stimulating discussions.
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and photoluminescence spectroscopies, and with TEM andperated by the Midwestern Research Institute, Battelle, and

AFM imaging. The observed spectroscopic signals can b8echtel, for the U.S. Department of Energy under Contract
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